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Relevance: Once conductivity has been maximized, energy

density and power output of VT power train can only be increased by increase
of cell voltage. REQUIREMENT: high voltage stable electrolyte and solvent

Background needed

DMS

Aliphatic sulfones, especially those with open-chain alkyls," are
recognized by organic chemists as unusual for their combination of "
polarity with resistance to both oxidation and reduction. '
[Chemically, aliphatic cyclic sulfones are more easily reduced (ca.

100 times as fast) than open-chain sulfones.] The simplest mem- T

but m
Dimethyl sulfone (CH,),SO, 109°C
Diethyl sulfone (Et),SO, 70°C
Dipropyl sulfone etc

Try destabilization of
crystal lattice by
making the molecule

asymmetrical. \

T_ =35°C: High Anodic Stability of a New Electrolyte Solvent:
4 ' Unsymmetric Noncyclic Aliphatic Sulfone

eutectic
Wlth DMS K. Xu** and C. A. Angell** 5'9 V !!

i= 25°C J. Electrochem. Soc., Vol. 145, No. 4, April 1998




Background: A 5.9 volt window !
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Background: The promise of

US Patent No.
6,245 465
Angell et al., 2001
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Background: And sulfones seem to protect
lower EC “window"(but higher fluidity) co-solvents

Work of Kang Xu (JECS,2002) Forms good SE|
FPMS is (.':F3(3HECI—E_:}_[SI::'vZ]\CH3
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‘ OBJECTIVES and milestones \

. ldentify unstudied sulfones for evaluation

Determine key properties, conductivity and “windows”,
taking any commercially available cases first.

(a) pure sulfones (Dec. 10, 2010)

(b) mixed sulfones

(c) mixed sulfones and carbonates(Dec. 10, 2010)
Synthesize new sulfones

(a) fluorinated (March 11, 2011)

(b) fluorinated oxygenated (March 11, 2011)

. Test sulfolane-based cases by synthesis, following

predictions of collaborator (Oleg Borodin) (March 11, 2011)
Conceive new strategies (second year... achieved already)

Commence Investigation of novel separator concept (March
2011)



‘ SETTING UP: SELECTED SULFONES & THEIR PROPERTIES \
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Selection strategies: \When no viscosity data?
boiling point correlation

| ! | ! | ! | ! | ! |
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NEW DATA:
Specific
conductivities
of various Li
salts in sulfone
solvents.
The puzzle of
low-boiling
FPMS
cf. MSF
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The need for mixtures (see Xu review)

No single solvent can satisfy simultaneously all solvent needs

e.g Large dipole moment needed for overcoming crystal lattice

energy (dissolving) causes high melting point and high viscosity,
so low conductivity.

Resolution: mix with co-solvent of low dielectric constant and
low boiling point. Thus EC-DMC

2

Mixing also reduces freezing point | « Iﬁfi?iiiii?ﬁii:ﬂi&i A
& 1M LITRS in Sufolane 30°C P
= v in 28 ?
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we optimizing the decrease 5 A A
of viscosity, or losing some . &/
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pairs? -~ Increasing fluidity:
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- -2 =1 ¥ 1 2
Li battery electrolytes B




FmAcm™”

Current density  im&dcmz )

The mlxture strategy: EMS vs

L} 1 mAcni OMC :
I | EMC
- j -
i
s |
Jff". Fpusmmij
4

3 15 4 45 5§ 55 @& 85

Fiv o we i
04 i
——— 1M LITFSI in EMS ’
[ | = saturated LiPFG in MSF 1
saturated LiIPF6 in MSCI }
U3 | e 4] LIPFE in EME-MSF (101 1
e M LiPF6 in EMS-DMC  (1-1 ) V
i
0l
0.0

Wova LiJLi+

lonic conductivity (Sem-1)

new mixtures.

r
10 ¢
10" Ml gy g Ty
g ""'—'r._:ﬂ\{‘
"m ._-.: .r!".
By [ e
Ny e .
| . FLY
" |
10
_: ® 1.0M LiPF& in EM3-DMC 1:1 by wt
| & 1.0M LiIPF6 in EMS-MSF 1:1 by wi
| m 1.0M L|PFE in EMS
-m'i — i I - |
248 3.0 3.2 34 a6

Earlier work from Kang Xu & CAA
| (JECS 2002) suggested mixture
| synergism

ACCOMPLISHMENT

1000 (/K




lonic conductivity (Scm-1)

Other interesting mixtures
(with high fluidity MSF)

Accomplishment slide

Temperature (°C)
50 25

=
::.u
=3

L

ok
D|

1.0M LiPFG in EMS-DMC 1.1 by wi) |

1.0M LIPFS in EMS-MSF 1:1 by wt)

1.0M LIPF6 in EMS)

1,0M LiPF8 in EMS-MSCI 1:1 by wt)

1.0M LIPF8 in EMS-CFa502CH3) (FMMS)
= | i | i l i | i |

2.8 3.0 3.2 3.4 3.6
1000/T (1/K)

04 0O e

10

Cumrent density  (mAic m )

EMS-MSF not only has good
conductivity and window, but
also good Li deposition and

stripping, i.e. good SEI (next)
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ACCOMPLISHMENT SLIDE
Lithium deposition and stripping Iin
MSF & EMS-MSF solutions

1.0
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Lithium deposition and stripping In
MSF & EMS-MSF solutions

From Xu and Angell

JECS (2001)

T |
F |
i %

ey
p— ]

5 /\ T EIBSIEMC

- i F FPMS/EMC

- |
é A %‘\::—EEBEIDMC -
E - EiPS/EMC =
- " 7 "Emsiomc
? | 0 mA/cnt
- | L . |
0 0.5 1 1.5 2

E/V vs. Li

Accomplishment slide:

formation of effective SEIl in
EMS-MSF solution

E(V)wvs. Li

- I
1M LiPF6 EMS-MSF (1:1)
Working: Graphite

Ref, Counter: Li

- 1st
2nd

SEl formation |




ACCOMPLISHMENT SLIDE

Conductivity Arrhenius plots for sulfolanes and
fluorinated sulfolane, relative to EC:DMC.
Can we improve on things with fluorination?

(S/em )

Fluorination
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fire resistance

lonic conductivity
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9 | Contribution from Collaborating laboratory- Oleg Borodin

Fluorinated Solvents

% Influence of sulfolane fluorination on the solvent oxidative
stability, transport properties and its ability to coordinate Li™
Q. = has been investigated complementing experimental studies that
g are currently performed by Austen Angell group (ASU)

< The Li*/solvent binding energy (m keal/meol) from QC

Li'/SL Li"/SL(F,) |Li/SL(Fg) |Li/EC |Li/DMC
MP2/ce-pvTz | -52.7 -40.8 -29.5 -47.5 -40.9

or MP2/aug-
ce-pvTz

Solvent self-diffusion coefficient
T (K) 303 303 303 313 208
D(10%m¥s) |11 2.5 4.7 8 254

D % Completely fluorinated SL(Fg) is not expected to be good solvent
for typical Li salts such as LiPF; or LiTFSL

@ % Semifluorinated sulfolane SL(F,) is expected to have lithium salt
dissociation similar to DMC, while SL(F,) dynamics is
predicted to be a factor of 2.5 faster than SL but a factor of five
slower than DMC.,

. OTHER COLLABORATIONS: The order-disorder
SL(Fy) transition in LiNi,Mn, O, (with Guoying Chen, LBL)




ACCOMPLISHMENT/COLLABORATION SLIDE

Sulfolane-based systems

With collaboration of Oleg Borodin (U. Utah)
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ACCOMPLISHMENT SLIDE

Good electrochemical aspects of fluorinated sulfolane

« Complete deposition and subsequent stripping of Li in
fluorinated sulfone. No extraneous processes.
» Excellent wide electrochemical window
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NEXT: Keeping the electrolyte in place

The separator problem Electrolyte is mobile liquid: It can be kept

g =

Bottled electrons
at high pressure

e.g., Li metal

(electronic
insulator, ionic
short) mobile Li*

electroly

Empty bottle

Cutor
|| Ni2* (Zebra)
or LINIMnO,

In the right place by

soaking it up in some sort of sponge:porous
medium with wettable surfaces,

or creating a solid around it by using a
polymerizing component which is then
reacted.

ork) 1EXAMFLES

Celgard is a microporous polypropylene
membrane surface-derivatized to soak up
carbonate solvents.

methacrylate can be added to the
electrolyte and then thermally, or by light,
polymerized to create a gel (costs conductivity)

NOW: a novel solution - nanoporous
membrane strategy: the Maxwell slat
net by rigidity percolation.




TECHNICAL
BACKUP SLIDES



Urganic Car

onates and Esters as Electrolyte Solvents

. From K. Xu, Chem. Reviews
Chem. Hev. 2004, 104 43034417

Solvent Structure M. Wt T,/ "'C T,/ "C nicP £ Dipole Ty "C  dfgc m“‘, 25°%C
38 °C 25°C Moment/debye
EC ai %8 364 248 1.90, R0 78 161 160 1.3
o (40°C)
PC ‘x[- 102 -48.8 242 2.53 64.92 1.81 132 1.200
Qf.-o
BC 116 =33 240 3.2 53
yBL [ﬁﬂ 86 435 204 1.73 30 4.23 07 1.199
YVL C}= o 100 -31 208 2.0 34 4.29 81 1.057
NMO 101 15 290 2.5 T8 4,52 [ 10 1.17
L =0
-
DMC i 90 4.6 91 0.59 3.107 0.76 1% 1.063
~ g (20 °C)
DEC i 118 -74.3° 126 075 2 808 0.06 11 0.940
o -\.D.- -\.D_.- i -
EMC /]I 104 -53 |10 0.65 2.95% .89 | 006
T o o -
FA ﬂ %8 -Rd 77 045 6.02 -3 0.902
T
ME J‘-]' 102 B4 102 0.6 11 0.208
e 'mﬂ.-"
EB i 116 -93 120 0.71 19 0.878



Issues with liquid electrolytes

. lonic shorts.... Wot to do?

. With in situ polymerization to yield gel, the conductivity
decrease always seems to be larger than tortuosity constants
would e expected to account for.

. Conductivity reduction: with celgard the reduction in
conductivity should just decrease by a tortuosity factor

. A new idea, the variable nanoporous net the Maxwell rigidity,
and the Phillips-Thorpe rigidity percolation model
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